Abstract We investigated the response, adaptation and tolerance mechanisms of the temperate seagrass Zostera marina to water column anoxia. We exposed Z. marina to a diurnal light/dark cycle under anoxia and assessed the metabolic response by measuring the metabolome with gas chromatography coupled to mass spectrometry (GC-MS). During anoxia and light exposure the roots showed an altered metabolome whereas the leaves were only marginally affected, indicating that photosynthetically derived oxygen could satisfy the oxygen demand in the leaves but not in the roots. Nocturnal anoxia caused a biphasic shift in the metabolome of roots and leaves. The first phase, after 15 h under anoxia and 3 h of darkness showed a fast increase of lactate, pyruvate, GABA (c-aminobutyric acid), succinate, alanine and a decrease in glutamate and glutamine. The second phase, after 21 h under anoxia and 9 h of darkness showed a decrease in lactate and pyruvate and an increase in alanine, GABA and succinate. This reprogramming of the metabolome after 21 h under anoxia indicates a possible mitigation mechanism to avoid the toxic effects of anoxia. A pathway enrichment analysis proposes the alanine shunt, the GABA shunt and the 2-oxoglutarate shunt as such mitigation mechanisms that alleviate pyruvate levels and lead to carbon and nitrogen storage during anoxia. This work demonstrates the applicability of metabolomics to assess low oxygen stress responses of Z. marina and allows us to propose an anoxia recovery model.
Introduction
Seagrasses comprise a group of 72 species of submerged marine angiosperms (Short et al., 2011) growing in marine shallow coastal waters and estuaries in all continents except Antarctica (Short et al., 2007) . Seagrasses recolonized the marine environment approx. 100 million years ago, developing physiological and anatomical adaptions to submerged life such as extensive aerenchyma, absence of stomata, and physiological tolerance mechanisms against hypoxia and anoxia (e.g. Penhale and Wetzel 1983; Pregnall et al. 1984; Kendrick et al. 2012; Papenbrock 2012) . These adaptions are crucial to sustain life in a marine environment with no air contact, comprising reduced and anoxic sediments characterized by the presence of toxic compounds as iron, manganese and sulfide (Terrados et al. 1999) . The development of extensive aerenchyma facilitating downward diffusion of oxygen provides an oxic rhizosphere and sufficient oxygen for root growth (Pedersen et al. 2004; Borum et al. 2006; Frederiksen and Glud 2006) . During daytime, photosynthetically derived oxygen is a source for downward diffusion, but during the night (and during periods of reduced photosynthesis) the tissue oxygen concentration depends on diffusion from the water column (Pedersen et al. 2004; Borum et al. 2006; Frederiksen and Glud, 2006) . Therefore, Electronic supplementary material The online version of this article (doi:10.1007/s11306-015-0776-9) contains supplementary material, which is available to authorized users. despite specialized anatomical adaptations, the roots of seagrasses, e.g. Zostera marina, are periodically exposed to nocturnal periods of hypoxia and anoxia (e.g. Smith 1989; Greve et al. 2003; ) and also occasionally experience day time water column hypoxia and/or anoxia during warm summer periods causing increased mortality (Plus et al. 2003; Borum et al. 2005; Holmer and Nielsen 2007; Moore and Jarvis 2008) .
Zostera marina tolerates shorter periods (up to 24 h) of water column anoxia without alteration of growth rates; whereas longer periods of anoxia increase mortality (Pulido and Borum 2010) . When the oxygen levels become limiting for oxidative phosphorylation, Z. marina will need alternative pathways to produce energy (ATP) to avoid energy deficit. Under anoxic conditions glycolysis is the main energy source, yielding 13 times less ATP than under aerobic conditions (e.g. Bailey-Serres et al. 2012) . Pyruvate, the end product of glycolysis, is either fermented to lactate or to ethanol, and both compounds have disadvantages: lactate-a weak acid-triggers cytosolic acidification and becomes toxic at higher levels, and ethanol diffuses out of Z. marina roots and leads to substantial carbon loss (Smith et al. 1988) . Alternatively, Z. marina and many other plants accumulate the amino acids alanine and GABA (c-aminobutyric acid) under anoxia (Pregnall et al. 1984; de Sousa and Sodek 2003) . Alanine can accumulate to high levels without being harmful. However, the exact mechanism of alanine production under anoxia is not fully understood (Rocha et al. 2010) . Two main pathways possibly acting in concert have been suggested as an explanation of alanine accumulation under anoxia, linking both carbon and nitrogen (CN) metabolism: (i) the alanine shunt where pyruvate from glycolysis is transaminated using glutamate as amino donor producing alanine and 2-oxoglutarate and (ii) the GABA-shunt (Shelp et al. 1999) where the synthesis of GABA from glutamate mitigates cytosolic acidification by consuming a proton (Shelp et al. 1999) . GABA is consequently metabolized to succinic semialdehyde producing alanine and removing pyruvate (Shelp et al. 1999) .
The alanine and the GABA shunt are known mechanisms present in plants exposed to hypoxia and/or anoxia. Both most probably mitigate the toxic effects of lactate or ethanol by providing an alternative route for the metabolism of pyruvate (reviewed in Banti et al. 2013) . Limami (2014) suggested that alanine and GABA accumulation allowed CN storage during hypoxia and/or anoxia, and that these would fuel energy metabolism upon reestablishment of normoxic conditions.
The ability of seagrasses, and plants in general, to acclimate and tolerate anoxia depends on their capability to mitigate the negative effects of anoxia, such acidosis and the energy deficit caused by inhibition of respiratory ATP production. Several physiological adaptions to anoxia have been reported for Z. marina roots: (i) the lack of a Pasteur Effect (increase of carbon metabolism under anoxia) in roots avoiding an energy crisis by decreasing consumption of carbohydrates (Smith et al. 1988; Smith 1989) ; (ii) high rates of alcoholic fermentation where ethanol is released to the rhizosphere ([90 % of carbon metabolism) to avoid toxic levels in the plant (Smith et al. 1988 ); (iii) alternative fermentation pathways to avoid toxic end products like ethanol and lactate and increased GABA and alanine levels (Penhale and Wetzel, 1983; Pregnall et al. 1984; Smith et al. 1988) .
Previous studies assessed the effect of anoxia on the root physiology of Z. marina (Penhale and Wetzel 1983; Pregnall et al. 1984; Smith et al. 1988; Smith 1989 ) and the effect of anoxia on the growth and survival of the entire plant exposed to anoxia (Pulido and Borum 2010) . In this work, we aimed to assess the physiological effect of anoxia on Z. marina using metabolomics. We intended to identify the diurnal response of the metabolome of Z. marina to water column anoxia by a short term experiment and further aimed to pinpoint potential adaptation and mitigation mechanisms in different tissues of Z. marina.
Materials and methods

Chemicals
We purchased Methanol (HPLC-grade [99.9 %), Chloroform (anhydrous [99 %), Pyridine (anhydrous [99.8 %), Methoxyamine hydrochloride ([98 %) and an alkane standard mix (C 10 -C 40 , all even, 50 mg l -1 each) from Sigma-Aldrich (Vienna, Austria). MSTFA (N-Methyl-N-(trimethylsilyl)trifluoroacetamide [99.8 %) was from Machery-Nagel (Düren, Germany).
13 C 6 -Sorbitol was from Campro scientific (Veenedaal, NL).
Plant material
Sandy sediment was collected from unvegetated sea bottom adjacent to seagrass meadows at Svenstrup Strand, Denmark (?55°28 0 70 00 , ?9°45 0 20 00 ) in October 2012. The sediment was sieved through a 1 mm sieve and placed in a total of 40 pots (11 cm i.d., 12 cm height) filled with 1 l sediment per pot. Ten days later, apical Z. marina shoots from Svenstrup Strand were collected randomly by harvesting turfs with intact ramets. The salinity was 18 and the water temperature 15.6°C. Senescent leaves, rhizome parts older than 5 internodes and epiphytes were gently removed. Ten shoots were transplanted into each pot yielding a shoot density of 1052 shoots m -2 and placed into mesocosms filled with sea water from Svenstrup Strand. Salinity and temperature were kept constant at 18 and 15°C monitored by a YSI ProODO optical DO sensor (YSI Inc., Yellow Springs, USA). Artificial illumination (Phillips SONT-T Agro 400 W) was set to a diurnal cycle of 12:12 h at a photon flux density of 180-200 lmol photons (PAR) m -2 s -1 at canopy level.
Experimental anoxia exposure
After 1 week of acclimation water column anoxia was induced by constantly bubbling the water with N 2 , yielding an oxygen saturation of \1 % (anoxic). The control plants were constantly bubbled with air, yielding a saturation of 100 % (normoxic). Water column oxygen saturation levels were constant and continuously (every 30 s) monitored by a YSI ProODO optical DO sensor (YSI Inc., Yellow Springs, Ohio, USA). We randomly harvested ten pots (5 treatment and 5 control) per time-point, at 4 time-points after the onset of anoxia (3, 9, 15, 21 h) yielding 40 replicates with 10 plants per replicate (Fig. S1 ). Macroscopic epiphytes were removed by hand and plants were separated into the two youngest leaves and root bundles, followed by immediate transfer to perforated aluminum bags and snap freezing in liquid nitrogen. The handling was fast (\20 s) to preserve metabolites. The samples were lyophilized for 48 h (Heto Lyolab 3000, Heto-Holten A/S, Allerød, Denmark) and homogenized in a ball mill for 4 min at 20 Hz (Retsch MM400, Retsch GmbH & Co KG, Haan, Germany) before further processing. We analyzed leaves and roots for metabolites, but omitted rhizomes as they are primarily storage organs and do not participate in carbon and nutrient assimilation (Touchette and Burkholder 2000) . Five ml of sediment pore water and 5 ml water column water were extracted using rhizonsÓ (5 cm length, rhizosphere.com, Wageningen, NL) combined with vacuettsÓ and subsequently analyzed for sulfide (Cline 1969) , sulfate (Blake-Kalff et al. 1998) , ammonium (Solorzano 1969) and phosphate (Hansen and Koroleff 2007) .
Metabolite extraction and derivatization
Extraction and derivatization were performed according to Weckwerth et al. (2004) with slight modifications. All solvents and tubes were pre-cooled to -20°C. Five mg of lyophilized and homogenized plant material (root or leaf) were extracted for 8 min on ice in methanol/chloroform/ water (2.5:1:0.5 [v/v/v]) spiked with 1 lg of 13 C 6 -Sorbitol per sample as internal standard, followed by centrifugation at 14,0009g for 4 min. The supernatants were transferred to a test tube and 500 ll water was added to achieve phase separation. After centrifugation at 14,000 9g for 2 min, the upper phase containing the polar metabolites was transferred to a fresh test tube, aliquoted in 400 ll portions and dried overnight in a speed-vac. Samples were derivatised in a thermo shaker by adding 20 ll of methoxyamine hydrochloride (40 mg ml -1 ) at 30°C for 90 min followed by 30 min at 37°C in 80 ll MSTFA (spiked with 30 ll alkane mix into 1 ml MSTFA for retention time indexing).
Metabolomics GC-TOF-MS analysis
GC-MS analysis was performed according to Weckwerth et al. (2004) with slight modifications. Metabolites were separated on an Agilent 6890 gas chromatograph equipped with an Agilent HP-5MS column (30 m, 0.25 mm, 0.25 lm) coupled to a LECO Pegasus GC-TOF-MS after injecting 1 ll sample in split 1:20 mode. The GC temperature gradient was at 70°C for 1 min, followed by a ramp of 9°C per min to 350°C held for 8 min. The TOF acquisition rate was set to 20 spectra/s at a detector voltage of 1,550 V and a mass range from m/z 40 to 600. The deconvolution, peak detection and peak annotation of a ''master sample'' consisting of aliquots from all samples was done in the LECO ChromaTOF software (after Morgenthal et al. 2007 ). The deconvoluted mass spectra were matched against an in house library as well as the Golm Metabolome Database (GMD, Kopka et al. 2005 ) (match factor [800) and annotation was further supported by manual comparison of retention indices. Analytes were considered as identified (MSI Level 1, after Sumner et al. 2007 ) or putatively annotated (MSI level 2, after Sumner et al. 2007 ) depending on the presence in the in house database (Table S1 ). Subsequently all chromatograms were matched against the reference compound list. For relative quantification, peak areas of unique and representative ions for every identified compound were used. Metabolites not reproducible identified/annotated in all replicates of all experiment conditions were excluded from analysis.
Data mining and statistical analysis
Peak areas were standardized for sample weight and to the internal standard ( 13 C 6 -Sorbitol), followed by a log2 transformation and unit scaling (mean-centered and divided by standard deviation of each variable). Only data without missing values were used. Univariate statistics (2-way ANOVA; time 9 treatment; tukey test), Partial least square-discriminant analysis (PLS-DA) and clustering were conducted in COVAIN (Sun and Weckwerth, 2012) and MetaboAnalyst (Xia and Wishart, 2011) . The variable importance in projection (VIP-a weighted sum of squares of the PLS loadings) presented together with the PLS-DA score plot indicates the amount of explained Y-variance of each component. The PLS-DA model was validated by leave-one-out cross-validation and the quality was assessed by Q 2 and R 2 scores ([0.7). The trajectories presented in the PLS-DA plots connect the group centers along the time course and illustrate the diurnal shift of metabolites. We used the pathway analysis function of metaboanalyst (MetPa) (Xia and Wishart 2011) to assess affected metabolic pathways during anoxia. In the identified pathways we plotted the relative change of metabolite levels as the ratio of control versus anoxia in a time series. Before performing ANOVAs we determined normality of the residuals using normal probability plots and homoscedasticity of the residuals by visually examining the relationship between residuals and fitted values, and by using Cochran's test for equality of variances. We consistently applied an alpha value of 0.05.
Results and discussion
We assessed the diurnal response of primary metabolites in Z. marina tissues exposed to water column anoxia by GC-TOF-MS during one diurnal cycle. Nocturnal anoxia significantly affected metabolites involved in anaerobic glycolysis, the tricarboxylic acid (TCA) cycle and amino acids participating in the nitrogen metabolism. In contrast the metabolome was less affected by anoxia during the light period.
Effects of nutrients
To assess effects of anoxia on nutrients and their potential effect on the plants we compared sediment pore water and water column nutrients and found no variation between normoxic and anoxic conditions (2-way ANOVA, p [ 0.05 for ammonium, phosphate, sulfate and sulfide). We therefore assume that the differences in plant metabolism in this experiment were not a result of differences in pore water and water column nutrients.
Metabolic response to water column anoxia
The 69 reproducibly identified/annotated metabolites (Table S1 ) in roots and leaves of Z. marina include amino acids, amides, carbohydrates, polyhydric alcohols, TCA cycle intermediates, glycolytic products, and other annotated and unknown compounds. We found 18 and 22 metabolite concentrations changed between anoxic and normoxic conditions and the leaves and roots respectively (2-way ANOVA, p \ 0.05, Tables S2 and S3, Figs. S2 and S3). We visualized patterns in the data by plotting the filtered data in a heatmap, and a clear separation of samples under anoxic and dark conditions in the leaves was found. The heatmap is characterized by two clusters: (1) GABA, glycerol, pyruvate, lactate, alanine, 2-oxoglutarate and succinate accumulating during anoxia and darkness (Fig. 1a) ; (2) tyrosine, asparagine and glycine decreasing during anoxia and darkness (Figs. 1a and S4 ). In the roots a clear separation of normoxic and anoxic conditions and a distinct cluster under anoxic conditions during darkness are visible and characterized by two clusters: (1) GABA, glycerol, pyruvate, lactate, tyrosine, iso-leucine and valine accumulating during anoxia and during darkness (Fig. 1b) ; Fig. 1 Heatmaps showing the diurnal relative variations of the 10 metabolites showing the most significant changes (2-way ANOVA) in Zostera marina leaves (a) and roots (b) exposed to anoxia and in control plants under normoxic conditions. The samples are sorted according to the sampling time after treatment and hours after onset of anoxia; Pearson correlations were used as distance measure and Ward's method as clustering procedure (2) pyroglutamine, glutamine and serine deceasing during anoxia and darkness ( Fig. 1b and S5 ).
Multivariate visualization of diurnal effects
For an in depth multivariate analysis of the diurnal effects of anoxia on the metabolome of Z. marina we applied a PLS-DA, a supervised multivariate method taking sample grouping into consideration (Xia and Wishart 2011) . The PLS-DA revealed a clear separation of the samples along the diurnal time course (Fig. 2) . The first component of the PLS-DA-explaining between 23.0 and 26.3 % of the variation-generally separated the light from the dark conditions. The diurnal metabolomic pattern was further visualized by the trajectories-connecting the group center at a given timepoint along the time course-showing a left to right orientation in all tissues and treatments (Fig. 2) . However, anoxia caused major deviation of the trajectories from normoxic conditions in leaves and roots (Fig. 2) , indicating shifts of the metabolome in response to anoxia. The PLS-DA score plots for leaves ( Fig. 2a) and roots ( Fig. 2b ) revealed a loose but visible group separation of plants grown under normoxic conditions along the time course, most likely caused by intra-group biological variation of the samples. In contrast, anoxic conditions caused a clearer clustering and group separation according to the time course, indicating time dependent changes (Fig. 2) . In particular, sample groups taken during nocturnal anoxia were characterized by a tighter intra-group clustering and were separated from other groups on component 1, where component 2 (16.0-18.9 %) separated timepoint 1 from timepoint 2 and timepoint 3 from timepoint 4, respectively (Fig. 2) . The VIP score indicates the influence of a metabolite on the separation of sample groups (Fig. 2) . In the leaves upon anoxia alanine, lactate, asparagine, glycine, GABA, pyruvate, galactonic acid, succinate and glycerol were most influential for the group separation under anoxia (VIP scores [1.6, Fig. 2a) and lactate, glycerol, glyceric acid, alanine, asparic acid, succinate and GABA (VIP scores [1.6, Fig. 2b ) in the roots respectively.
Pathway analysis in tissues
To determine which pathways were affected by anoxia we assessed a metabolic pathway analysis (MetPa) (Xia and Wishart, 2011) on the metabolites affected by anoxia (2-way ANOVA). MetPa indicated major influence of anoxia on glycolysis, TCA cycle and nitrogen metabolism. Similarly, previous studies suggested a close co-regulation of primary carbon (glycolysis, TCA cycle) and nitrogen metabolism (Stitt et al. 2002 ) also under anoxic and hypoxic conditions (Smith et al. 1988; Rocha et al. 2010 ). Therefore we plotted the fold change of selected (Figs. 3, 4) .
Nitrogen metabolism under anoxia
All detected amino acids in leaves and roots involved in nitrogen metabolism responded to anoxia. Most striking was the concomitant increase of pyruvate, GABA and alanine, and a decrease of glutamate and glutamine in both tissues (Figs. 3, 4) . However, aspartate responded differently in leaves and roots, as it strongly decreased in leaves and slightly increased in the roots. The increase of alanine (alanine shunt) and GABA (GABA shunt) upon anoxia is a known phenomenon in plants exposed to anoxia and mitigates cell acidification and carbon loss (e.g. Pregnall et al. 1984; Miyashita and Good, 2008; Limami, 2014) . Alanine production is a vital mechanism for survival of Z. marina under anoxic conditions (Bailey-Serres et al. 2012 ), but alanine may also accumulate as a byproduct of the GABA shunt (Miyashita and Good, 2008) , which is the route of glutamate carbon into the TCA cycle (e.g. Bouche and Fromm, 2004) . However, to fully understand the metabolism under anoxia both nitrogen metabolism and carbon metabolism must be considered.
Carbon metabolism under anoxia
The increase in lactate and pyruvate in leaves and roots under anoxia indicates fermentation under anoxia (Figs. 3, 4) . However, the TCA-cycle intermediates responded differently in leaves and roots. Levels of succinate strongly increased in the leaves (Fig. 3 ) but only moderately in the Fig. 3 Pathway analysis of the relative changes of metabolites in the leaves of Z. marina exposed to anoxia. Visualized are the glycolysis and TCA-cycle (left column) and the associated nitrogen metabolism (right column). Metabolites are presented as the ratio of anoxia versus control at each timepoint, the time is denoted on the x-axis in hours after onset of anoxia. The shaded area indicates periods in darkness. The metabolites framed in green showed significant increases upon anoxia and the metabolites framed in red showed significant decreases (2-way ANOVA p \ 0.05); metabolites framed in black did not respond significantly to anoxia. Solid arrows illustrate enzymatic reactions, dotted lines indicate the same metabolite presented in different and linked pathways. Modified from Rocha et al. (2010) roots (Fig. 4) . This is in contrast to other studies where succinate accumulation seems to be a common occurrence in plants exposed to anoxia or hypoxia (Miro and Ismail 2013) . We observed an increase of alanine, 2-oxoglutarate and succinate and a concomitant decrease of glutamate, glutamine and aspartate in the leaves, which is in agreement with the results of Rocha et al. (2010) and confirmed the presence and activity of the 2-oxoglutarate shunt in the leaves of Z. marina under anoxia (Fig. 3) . The 2-oxoglutarate shunt is a pathway (outlined in Fig. 3 ) that increases energy output by yielding additional ATP under anoxia and simultaneously mitigates the negative effects of anoxia by causing alanine accumulation (Rocha et al. 2010 ). The observed accumulation of 2-oxoglutarate suggests the conversation of 2-oxoglutarate to succinate as the limiting step in the TCA-cycle during anoxic conditions in Z. marina, as has been observed in other plants (reviewed in Miro and Ismail, 2013) .
The constant levels of 2-oxoglutarate and aspartate in addition to a moderate increase of succinate in the roots (Fig. 4) suggest the absence of the 2-oxoglutarate shunt in the roots of Z. marina. Consequently less energy would be generated in the roots, as the amount of ATP gained under presence of the 2-oxoglutarate shunt is twice as much by glycolysis alone (Rocha et al. 2010) . This corroborates previous studies suggesting a lower energy demand in roots during anoxia due to a missing Pasteur Effect and a 65 % reduced carbon consumption in roots of Z. marina (Smith et al. 1988; Smith 1989) and suggests the presence of a Pasteur Effect in leaves upon anoxia.
The observed accumulation of GABA in roots and leaves upon anoxia indicates the activity of a GABA shunt that mitigates cytosolic acidification and pyruvate accumulation by the consumption of a proton during the synthesis of GABA from glutamate (Figs. 3, 4) and the Fig. 4 Pathway analysis of the relative changes of metabolites in the roots of Z. marina exposed to anoxia. Visualized are the glycolysis and TCA-cycle (left column) and the associated nitrogen metabolism (right column). Metabolites are presented as the ratio of anoxia versus control at each timepoint, the time is denoted on the x-axis in hours after onset of anoxia. The shaded area indicates periods in darkness.
The metabolites framed in green showed significant increases upon anoxia and the metabolites framed in red showed significant decreases (2-way ANOVA p \ 0.05); metabolites framed in black did not respond significantly to anoxia. Solid arrows illustrate enzymatic reactions, dotted lines indicate the same metabolite presented in different and liked pathways. Modified from Rocha et al. (2010) simultaneous production of alanine from pyruvate during conversion of GABA to succinic semialdehyde.
Effect of light on the response to anoxia
We found different response mechanisms to anoxia and light in leaves and roots. Leaves were only marginally affected by anoxia during light, indicating that photosynthetically produced oxygen fully compensated the anoxia in the surrounding water column. This was not surprising given the oxygen hypersaturation of 150 % inside the aerenchyma of Z. marina leaves under similar conditions (e.g. Greve et al. 2003) . However, this might differ under natural conditions where light intensities fluctuate leading to changes in oxygen saturation (Dennison and Alberte 1982) . In contrast to the leaves, the roots immediately responded to anoxia irrespective of light exposure, as indicated by accumulation of metabolites participating in anaerobic fermentation (e.g. lactate, pyruvate). This suggests that under anoxic conditions photosynthetic oxygen evolution in the leaves could not satisfy the oxygen demand in the roots. This finding was unexpected since photosynthetically derived oxygen is considered sufficient to satisfy oxygen demand in the roots (e.g. Pregnall et al. 1984; Zimmerman et al. 1995; Frederiksen and Glud 2006) . A hypothetical explanation for the insufficient oxygen supply to the roots is a gradient-driven diffusion of oxygen from the leaves to the anoxic water column, thus limiting oxygen diffusion to the roots. This is reasonable since under reversed conditions (darkness, low oxygen in the leaves and normoxia in the water column) passive diffusion from the water column to the leaves can amount to 30 % of the levels produced during photosynthesis . This illustrates the dependency of aerobic root conditions to periods when photosynthesis is not limiting and corroborates previous studies (Pregnall et al. 1984; Borum et al. 2005) .
The leaves responded rapidly to the deactivation of photosynthesis under anoxia with onset of fermentation and accumulation of lactate and pyruvate (Fig. 3) . Similarly, in the roots metabolites involved in fermentation responded rapidly and moderately to anoxia under light exposure (photosynthesis), but in the absence of photosynthesis there was a rapid increase of pyruvate and lactate (Fig. 4) . This illustrates the importance of photosynthetically-derived oxygen in keeping leaves and roots oxic.
Metabolic mitigation mechanisms towards anoxia
The observed rapid metabolic response to anoxia under light in the roots probably represented a metabolic preadjustment in the roots to mitigate effects of anoxia. Most likely a low oxygen sensing mechanism triggered this adjustment mechanism, as observed in other organisms (e.g. Bailey-Serres et al. 2012) . However it remains unclear if this pre-adjustment mechanism was triggered only in the roots or if the whole plant was involved. Nevertheless the presence of such a mechanism that translocates mitigation compounds from leaves to roots upon decreasing oxygen levels would be beneficial as roots of Z. marina are regularly exposed to hypoxia and anoxia (Smith et al. 1988; ) and any translocation between leaves and below-ground tissues ceases under anoxia (Zimmerman et al. 1995) .
The concomitant changes in lactate and pyruvate levels in leaves and roots after 21 h under anoxia and 9 h in darkness is particularly remarkable (Figs. 3, 4) . This may partially be explained by an activation of alcoholic fermentation that decreases pyruvate and consequently also lactate (e.g. Miro and Ismail, 2013) and usually follows lactic fermentation (Smith et al. 1988) . High levels of pyruvate were suggested as an activation mechanism for alcoholic fermentation (Zabalza et al. 2009 ). However, in this experiment we observed associated decreases of lactate and pyruvate with changes in alanine, GABA, glutamate, glutamine, 2-oxoglutarate, succinate and aspartate, suggesting additional mitigation mechanisms besides alcoholic fermentation. We suggest the alanine shunt, the GABA shunt and the 2-oxoglutarate shunt as such additional mitigation mechanisms in Z. marina to sustain events of anoxia preventing lactate and pyruvate from accumulating in the tissues. The alanine shunt reduces pyruvate levels and provides 2-oxoglutarate processed in the 2-oxoglutarate shunt to gain additional energy (e.g. Bailey-Serres et al. 2012) . The GABA shunt reduces pyruvate levels and decreases cytosolic acidification (e.g. Bailey-Serres et al. 2012).
Recovery after anoxia
We exposed Z. marina to 24 h of anoxia, 12 h under light and 12 h under darkness. Such periods usually do not impair growth nor increase mortality of Z. marina (Dennison and Alberte 1985; Pulido and Borum 2010; Raun and Borum 2013) . Therefore we considered all observed metabolic responses as reversible upon reestablishment of normoxia. However, prolonged periods of anoxia are lethal for Z. marina (Pulido and Borum 2010; Raun and Borum 2013) probably because of insufficient energy reserves (energy crisis) coupled with cytosolic acidification caused by exhaustion of mitigation capacities.
Corroborating and expanding previous studies (Pregnall, 2004) , we propose a CN-recovery mechanism in Z. marina as adaption to frequent periods of anoxia (Fig. 5) : During anoxia pyruvate is transaminated to alanine that accumulates as non-toxic CN storage compound. Simultaneously this reaction produces accumulation of 2-oxoglutarate and depletion of glutamate, which are non-toxic compounds. In early post-anoxic periods the process is reversed; alanine is converted to pyruvate (by transamination from 2-oxoglutarate) that fuels the TCA-cycle. This reversible recovery mechanism will benefit the energy balance due to ATP production in the TCA-cycle.
Conclusion
Seagrasses showed cellular mechanisms to tolerate periods of anoxia. In the roots these mechanisms were more effective than in the leaves, most likely due the regular exposure of roots to anoxic events. We propose the linkage of CN metabolism by the alanine shunt, the GABA shunt and the 2-oxoglutarate shunt as anoxia tolerance mechanisms. The roots probably have a low oxygen sensing mechanism that triggers metabolic pre-adjustment to mitigate effects of future anoxia, whereas such a mechanism is not present in the leaves, as the metabolome was not affected by anoxia during photosynthesis (e.g. BaileySerres et al. 2012 ).
The novelty of this study was the comparison of leaves and roots in their response to anoxia by untargeted metabolomics. The hypothesis-generating approach allowed the identification of the most affected pathways and thereby elucidated the underlying metabolic mechanisms behind anoxia tolerance. We present a variety of data mining and interpretation methods-ranging from univariate to multivariate-supervised methods to pathway analysis. Our study provides an important first step in metabolomics studies in seagrass ecophysiology and ecology. Compliance with ethical requirements This article does not contain any studies with human or animal subjects. green denotes amino acids involved in nitrogen metabolism; blue denotes metabolites involved in carbon metabolism; CN and C storage represents storage pools. Modified from Limami (2014) 
